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ABSTRACT 
Isolated frog sartorii were exposed for 30 minutes to HETP--an irreversible anti- 
cholinesterase,  and were then soaked in Ringer's at 15"C. for 16 hours. At the end of 
the period of soaking the mean resting potential of the muscle fibers was only 29 my. 
The decrease in  the resting potential of the HETP-treated muscles  was accom- 
panied by a loss of potassium and a gain in sodium by the muscles. 
The effect of anticholinesterases on sodium extrusion was studied  by incubating 
the muscles in a Ringer's containing haft of the normal amount of sodium. The mus- 
cles respond by extruding sodium against a concentration gradient into the external 
medium. Sodium extrusion was blocked by prior exposure of the muscle to HETP, 
and reversibly blocked by exposure to physostigmine. The inhibition of sodium ex- 
trusion  by physostigmine was  correlated  with  the  inhibition  of  the  intracellular 
cholinesterase. 
Sodium  extrusion  was  also  blocked  by  high  concentrations  of  2-methyl-l,4- 
napthaquinone  8-sulfonic  acid and by a-ketoglutarate, which  are known to inhibit 
choline acetylase in ~tro. But sodium extrusion was not affected by a third inhibitor 
of choline  acetylase, phenobarbital. 
Sodium  extrusion  was unaffected  by KCN  and partially  blocked by IAA. The 
IAA block was eliminated by the addition  of pymvate. It is concluded  that either 
glycolysis  or  oxidative metabolism can  furnish  the  energy needed  for sodium  ex- 
trusion. 
INTRODUCTION 
Cholinesterase  is widely distributed  in  animal  tissues.  But we now  under- 
stand the physiological work of this enzyme only at certain synapses,  like the 
neuromuscular junction  and  the autonomic ganglion.  The significance of cho- 
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linesterase  in  other  animal  tissues remains  a  mystery. An  approach  to  this 
problem comes from recent studies on the effect of inhibitors of cholinesterase 
on frog skin (Kirschner,  1953), red cells (Holland and Grieg,  1950), Erioche.ir 
gills  (Koch,  1953), Chironomus  anal papillae  (Koch,  1953),  and  squid nerve 
(Rothenberg, 1950). All these studies suggest that poisoning  the cholinesterase 
in the tissue leads to an inhibition of the active transport of ions. There is evi- 
dence in several of these studies that the ion transport mechanism may also 
involve other members of the  cholinergic  system: acetylcholine and  choline 
acetylase.  On  the  other  hand,  a  number  of investigators  argue  against  the 
proposal that ion transport involves cholinesterase;  this point will be returned 
to in the Discussion. 
The present experiments examine the cholinergic  system and the transport 
of ions in an excitable tissue, the sartorins muscle of the frog. Impetus for the 
study came from observing the physiology of the brain neurons of the cecroi~a 
silkworm during the pupal diapanse. During the diapause the resting potential 
of the brain neurons is only about 25 my. This contrasts with the 65 my. rest- 
ing potential measured in neurons located in the ganglia  of the ventral nerve 
cord of diapausing animals  (Van der Kloot, 1956). The single enzymatic differ- 
ence detected between the brain and the ventral ganglia  is that the  cholines- 
terase titer of the brain is low. These facts suggest a relation between the low 
titer of cholinesterase  and the low resting potential. There is further support 
for  this  idea.  The  neurons  of the  brain  recover a  normal  resting  potential 
shortly before the onset of adult development, and the recovery of the normal 
resting potential coincides  with the reappearance of the normal  titer of cho- 
linesterase (Van der Kloot, 1955 a, 1955 b). From these results it was tempting 
to  assume  that  the  disappearance  of cholinesterase  from  the brain  neurons 
caused the decrease of the resting potential. 
Yet the evidence about the commonly studied vertebrate  tissues did not 
strongly support this assumption. Toman a  al.  (1947)  showed that  the inhi- 
bition of cholinesterase  did not cause a sharp decline in the injury potential of 
frog nerve. On the other hand, Lorente de N6 (1947) demonstrated a delayed 
but sharp depolarization of frog nerve following exposure to the anticholines- 
terase, physostigmine. More recently, Wright  (1956)  detected a  slight depo- 
larization of frog and rabbit nerves following the application of physostigmine. 
It seemed then quite possible that  the profound depolarization found in the 
cecro~¢~ brain  neurons  during  diapause  could not be  attributed  to  the  low 
level of cholinesterase activity. The question, whether cholinesterase activity 
is related to the resting potential, led directly to the following experiments. 
Martials and Mahods 
Aniz~ls.--The  experiments were performed on sartorius muscles dissected from 
the frog, Rana ~s.  The frogs, it must be recognized, were studied in different 
seasons; for example, the  electrical measurements were made  in  the  late  summer WILLIAM  G.  VAN  DER  KIDOT  881 
while  the ion determinations  were made in winter and spring; Because of this  the 
results of the different experiments may not be Compared directly. 
Ring~,'s.pThe Ringer's used in this study contained 111 n~ NaCl, 1.8 m~ CaCl=, 
2.7 mM KC1, and 2.5 n~ NaHCOa. 
Anticholinesterase and the Resting Potenti~.--In  the experiments designed to test 
the effect of an irreversible anticholinesterase  on the resting potential,  the two sar- 
torius muscles were dissected from a frog. One of the muscles was placed in a solution 
compounded of 90 cc. of Ringer's and 10 cc. of Sigma 7-9 buffer at pH 7.2. The second 
muscle was placed in 100 cc. of the same solution which also contained 5  X  10  -~ 
hexaethyltetraphosphate  (HETP-Monsanto).  After  30  minutes  of  soaking  both 
muscles were taken from the solutions and were washed in a series of baths of Ringer's. 
The muscles were then put in individual beakers each containing 100 ec. of Ringer's. 
The beakers with the muscles were kept at  15°C.  for the next  16 hours. Then the 
resting potentials of the muscle fibers were measured in Ringer's at room temperature, 
The measurements of the resting potential were made using the familiar intracellu- 
lax pipette technique of Ling and Gerard (1949). The micropipettes were pulled with 
the help of an  automatic puller  (Alexander  and Nastuk,  1953)  and were filled  by 
boiling in 3 ~ KCI. The filled pipettes with a D.C. resistance of from 10 to 40 megohms 
were selected for use. The pipette was attached to the input grid of a conventional 
cathode follower; the output of  the  cathode  follower  ran  to  the  D.C. amplifier  of 
Dumont 304B oscillograph. The cathode ray tube was photographed before,  during, 
and after the impalement of a muscle fiber.  The recording system was  calibrated by 
the  signal  from a  Beckman  square  wave calibrator  which  was  connected between 
the indifferent electrode in the bath and the ground. 
Oxygen Coasumption.--Sartorius  muscles were dissected and were treated as if they 
were  being prepared  for resting potential  measurements,  as was  described  above. 
After soaking, in the usual manner, for 16 hours at 15°C.,  the  muscles were blotted 
and weighed. The muscles were next passed through a Latapie mincer and the minced 
muscle was transferred to a glass homogenizer which was chilled in ice water. After 
a thorough homogenization the muscle brei was diluted with the medium II of Krebs 
(1950) to a final volume of 3.0 cc. The oxygen consumption of the diluted homogenates 
was measured in Warburg respirometers at 25°C. 
Ckolinesterase.--Determinations  of  the  cholinesterase  titer  of  control  muscles 
and  of muscles exposed  to HETP  were performed  by the  manometric method  of 
Ammon (1933). The muscles were homogenized and diluted with the reaction medium, 
which consisted of Ringer's containing 0.017  mM NaHCOa. The substrate was acetyl- 
choline bromide in a  final concentration of 0.015  ,x. 
In some experiments  it was necessary to measure  the cholinesterase  activity of 
intact, rather than homogenized, muscles. For these measurements ethylchloroacetate 
was used as the substrate because this molecule, unlike acetylcholine, readily pene- 
trates  into the intracellular phase  (Altamirano et al.,  1955).  This is  clear from the 
control  experiments  which  showed  that,  with  ethylchloroacetate  as  the  substrate, 
intact sartorius musdes gave 85 to 90 per cent of the cholinesterase activity shown 
by homogenates. 
When the action of reversible cholinesterase inhibitors  on the intact muscle was 
studied,  the muscles were exposed first to the inhibitor  in Ringer's for 30 minutes 882  CHOLINESTERASE  AND  SODIUM  TRANSPORT 
and then were transferred to a 5 or a 15 cc. Warburg flask containing 3 ce. of a Ringer's 
solution, which included--in addition to the usual salts--0.015 xr ethylchloroacetate, 
the inhibitor in the desired concentration, and 0.017  ~  NaHCOs. The measurement 
of cholinesterase activity then followed in the customary way. 
Sodium and  Potassium  Measurements.--The  experimental  muscles  were  blotted 
dry and put in  tared platinum  or fused  silica  crucibles which were then  weighed. 
The muscles were dried to a  constant weight at  105°C.  The difference between the 
wet and the dry weights is the "muscle water." The muscles were then ashed over- 
night at 400°C. The ash was dissolved in  1.0 cc. of 0.1 N HC1, diluted to a  known 
volume by the addition of glass-distilled water, and the sodium and potassium con- 
centrations of the resulting solutions were determined using a Baird Associates flame 
photometer. 
Sodium Extrusion.--These studies utilized the method of Shaw and Simon (1955). 
The sartorius  muscles were dissected  and  then were equilibrated  in Ringer's for 2 
hours. They were then transferred to a solution containing 56.75 m~a NaC1, 113.5  rnM 
sucrose, 2.7 m~ KC1,  1.8 mxt CaCI~, 2.7 mM NaHCOs; in short, a Ringer's  solution 
in which half of the sodium was replaced by sucrose. The muscles were  left in this 
"sodium-deficient" saline for 30 minutes. During the period of soaking,  the sodium- 
deficient saline and the muscle were kept at 25°C. by immersing their container in  a 
water bath. At the end of the 30 minutes the muscles were taken from the sodium- 
deficient saline and prepared for sodium and potassium measurements. 
Pkospkocreatine.--The  phosphocreatine  in  control  and  experimental  sartorius 
muscles was measured by the method described by Hawk et al.  (1954). 
Acetylcholine Measurement.--The muscles were blotted dry, rapidly weighed, and 
transferred to sea water which had been brought to pH 4 by adding HC1 and which 
also contained 10  -s ~t physostigmine sulfate. The muscles were then ground in glass 
homogenizers and the homogenizer tubes containing the brei were placed  in  a water 
bath at 80°C. for 5 minutes. The resulting extracts were stored at --20°C. and were 
assayed from 1 to 2 weeks later by the method of Welsh  (1943)  using the isolated 
ventricle of the quahog, Mercenaria mercenaria. Before use the ventricles were ex- 
posed for 15 minutes to 10  -6 ~ LSD-25 (lysergic acid diethyl amide; Sandoz products). 
As Welsh (1954) has shown, this drug excites the molluscan heart to the utmost and 
thereby furnishes an excellent condition for the assay of inhibitors of the ventricular 
beat. Lysergic acid treatment also masks the action of any excitor substances which 
might be found in the tissue extract. 
Because this is a biological, rather than a chemical, method, the assay will respond 
to all  compounds acting like  acetylcholine.  So  there  is  no guarantee  that  acetyl- 
choline itself is the cholinergic compound. To help keep this reservation in mind, the 
substances assayed on the quahog heart will be called acetylcholine-like materials. 
R.ESULTS 
The Effect of Cholinesterase  Inhibitors on the Resting Potential 
It will be remembered that for an hour or two after exposing nerves to anti- 
cholinesterases, previous investigators did not find a striking fall in the resting 
or injury potentials of these nerves. In the present experiments I decided to ex- WILLIAM  G.  VAN  DER  KLOOT  883 
pose the muscles to  the anticholinesterase and then to give the muscles a long 
period in which they could reequilibrate with the Ringer's of the external 
medium. Therefore, the experimental muscles were briefly  exposed to an ir- 
reversible inhibitor,  HETP,  and were then soaked for 16 hours in Ringer's 
before the resting potential was measured. 
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Fro.  1.  The  oxygen consumption  and  cholinesterase activity of control and  of 
HETP-treated sartorii. •  ......  •, controls, which were soaked in Ringer's at 15°C. 
for 16 hours.  O ....  O, oxygen consumption of muscles which were exposed for 30 
minutes to 5  X  10  -'4 x  HETP  and  then soaked for  16 hours  in  Ringer's  at 15°C. 
O ....  O, cholinesterase activity of HETP-treated muscle. 
The results  showed that the control  muscles, which were soaked for 16 hours 
in Ringer's without prior exposure to HETP,  kept a high polarization across 
the cell  membrane;  in 21 measurements  the average resting  potential was 84 
4- 3.5 (s.E.)  my. However, the resting  potentials  of muscles exposed to HETP 
before soaking  in Ringer's fell  markedly. Thirty-four measurements  gave a 
mean value of 29 4- 2.3 Inv. There is another difference  between the control 
and the HETP-treated  muscles. The muscles previously exposed to HETP 
were unexcited by direct  electrical  stimulation, while the control muscles re- 
mained excitable. 884  CHOLINESTERASE  AND  SODIUM  TRANSPORT 
The electrical measurements do not, of course, show how HETP brought 
about the fall in the resting potential of the muscle fibers. It is clear from meas- 
urements of the cholinesterase activities of the control and of the experimental 
muscles, shown in Fig.  l, that exposure to HETP caused an almost complete 
inhibition of the cholinesterase of the  treated muscles. The control muscles, 
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Fro. 2. The effect of HETP treatment on the concentrations of sodium  and po- 
tassinm  in sartorii soaked  in Ringer's  at  15°C.  *  ....  *,  sodium  plus potassium 
in muscles  not  treated with HETP. •  I,  potassium  in muscles  not  treated 
with  HETP.  I"I  ....  I-I,  sodium  plus  potassium  in  HETP-treated  muscles. 
O ......  O, potassium in HETP-treated muscles. For details see the text. 
which were treated the same way except for exposure to HETP, kept a  high 
level of cholinesterase activity. 
Although the muscle's cholinesterase is inhibited after exposure to HETP, 
it is  by no means  certain  that  cholinesterase is  the  only poisoned enzyme 
Probably there is no inhibitor which is absolutely true to its intended target. 
In particular,  anticholinesterases  are  suspected of inhibiting respiratory en- 
zymes. To test this possibility the oxygen consumption of the HETP-treated 
and of the control muscles was measured. The results of one of these experi- 
ments are illustrated in Fig.  1. As the figure shows, the oxygen uptake of the 
two homogenates was almost identical, which proves that the HETP treatment 
did  not  significantly  impair  the  enzymes involved in  oxygen consumption. WILLIAM  G.  VAN  DER  KL00T  885 
From the evidence presented so far it appears that the inhibition of  the  cho- 
linesterase in the muscle may lead to a fall in the resting potential. 
Sodium and Potassium Distribution  Following Ckolinesterase Inhibition 
The resting potential of the muscle fiber is thought to be generated by the 
distribution  of ions across the cell membrane:  the evidence for this view is 
summarized  by Hodgkin  (1951)  and  it  has  recently been  strengthened  by 
Adrian (1956). According to this interpretation, the fall in the resting potential 
observed after exposure to HETP should be accompanied by a decrease in the 
potassium contained in the muscle fiber. 
To test this hypothesis, a  group of sartorii,  treated in the same fashion as 
the muscles used for the electrical  measurements, was assayed for sodium and 
potassium at various intervals after the time of exposure to HETP. The re- 
suits are summarized in Fig. 2. The figure shows that when soaked in Ringer's 
the muscles treated with HETP began to lose potassium and to gain  sodium. 
The change in the ionic  composition of the poisoned muscles was  noticeable 
after 2 hours and pronounced after 4 hours. After 16 hours of soakingin Ringer's, 
the HETP-treated muscles reached a steady state of ionic distribution which 
was maintained  for the following  24 hours,  after which no further  measure- 
ments were made. The control muscles underwent changes in content which 
were similar  in direction but much less dramatic  than the changes shown by 
the HETP-treated  muscles.  The  control  muscles  lost some potassium  and 
gained some sodium during the first 16 hours of soaking in Ringer's at 15°C. 
It should be noted however, that after 16 hours the control muscles contained 
over twice as much potassium as the HETP-treated muscles. 
Next the mechanism for the loss of potassium by the HETP-treated muscle 
fibers was considered.  The high concentration of potassium normally present 
in the muscle fiber is commonly believed to be maintained by the activity of 
a  sodium "pump," which actively extrudes the sodium as it diffuses into the 
muscle fiber.  Carrying this idea further,  the loss of potassium and the  gain in 
sodium found in the HETP-poisoned muscle could be attributed  to a  block 
of the mechanism for the active extrusion of sodium ions. The next experiments 
were designed to measure the effect of anticholinesterases on the sodium ex- 
trusion mechanism. 
The Effect  of Anticholinesterases  on Sodium Extrusion 
The study of sodium extrusion by muscle was made easier by the work of 
Shaw and Simon  (1955) who put toad muscles in a Ringer's solution contain- 
ing only half of the normal concentration of sodium. The muscles respond by 
extruding sodium from the fibers until a new equilibrium is reached between 
the interior and the exterior of the cell. When this equilibrium is  reached the 
interstitial  fluid--now composed of the sodium-deficient  saline---has  a  higher 886  CHOLINESTERASE  AND  SODIUM  TRANSPORT 
concentration of sodium than does the interior of the cell. The data are inter- 
preted as a measure of the active transport of sodium from the interior of the 
cell, against a concentration gradient, into the external solution. By using this 
technique, the effect of enzyme inhibitors on the sodium extrusion mechanism 
may be assessed readily. 
The enzyme inhibitors first tested were anticholinesterases; the effects  of these 
agents on sodium extrusion are recorded in Table I. The table shows that the 
sodium content of normal  muscles placed in sodium-deficient saline  falls  to 
about  22  m.eq./kg.  Concurrent exposure to  physostigmine  (Merck)  or pre- 
vious exposure to HETP prevented the fall in the sodium of the muscle. In the 
TABLE I 
The Sodium and Potassium Contents of Muscles after 30 Minutes in Sodium-Deficient 
Saline aS g5°C. 
Sodium  (m.eq./kg.  Potassium (m.eq./.kg. 
Inhibitor  muscle water) -¢- s.z.  muscle water) -4- s.z. 
None 
Previously exposed for  15  min. to  5  )<  10  -4 
HETP 
10  -3 ~r physostigmine  in sodium-deficient  saline 
Exposed to 10  -3 ~r physostigmine  for 30 rain., 
washed, and  transferred  to  sodium-deficient 
saline 
10  -3 t, prostigmlne  in sodium-deficient  saline 
23:t:  1 
354-  2 
34-4-  2 
224-  3 
25 :k2 
108 4-  2 
72 :i:  13 
824-4 
107 4-  2 
104-4-  7 
untreated muscles the decrease in sodium was accompanied by an increase in 
potassium. In all the experiments the sum of the sodium and of the potassium 
in the muscles remained relatively constant; the control and the experimental 
muscles did not significantly differ in their content of alkali. 
The data also show that the action of HETP was irreversible. The effect of 
physosfigmine was eliminated by simply washing the inhibitor from the muscle. 
This observation agrees with  the well known action of these drugs on cholin- 
esterase. 
On the other hand, a third anticholinesterase, prostigmine, (Delta Chemical 
Works)  did not inhibit sodium extrusion by muscles  soaked in sodium-defi- 
cient saline. Why should two anticholinesterases block sodium extrusion when 
a  third inhibitor had no effect? The most likely answer to this question was 
given by Rothenberg et d.  (1948) who showed that quaternary nitrogen com- 
pounds,  like prostigmine, cannot penetrate into cells, while tertiary nitrogen 
compounds, like physostigmine, readily penetrate into cells and there inhibit 
the  intracellular cholinesterase.  The present experiments  suggest  that  pro- 
stigmine, which is unable to enter the fibers, has no effect on sodium extrusion, WILLIAM  G.  VAN  DER  KLOOT  887 
whereas the anticholinesterases which penetrate into the interior of the muscle 
fibers can inhibit sodium extrusion. 
Sodium  Extrusion  and  Cholinesterase Inhibition 
The  measurements  just  reported  seem  to  mean  that  anticholinesterases 
which enter the muscle fibers can block sodium extrusion. The measurements 
do not prove  that cholinesterase itself  participates in  the  extrusion mecha, 
nism. Inhibitor studies, as Danielli (1954) has stressed, must be supported by 
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FIO. 3. The mean sodium content of the muscle water--after 30 minutes in sodium- 
deficient saline--as a  function of the concentration of physostigmine. In every ex- 
periment 10  -s ~s prostigmine was present. The vertical lines on the points indicate 
the standard errors. 
evidence showing that the inhibitor actually lowers the activity of the enzyme 
and that the decrease in enzyme activity is paralleled by a fall in the rate of 
ion movement. 
To meet these standards,  the rate of sodium extrusion in the presence of 
graded concentrations of physostigmine was measured. As is shown in Fig. 3, 
sodium extrusion from the  muscle was  scarcely affected by the presence of 
10  -~ g  physostigmine. But as the physostigmine concentration was raised the 
amount of sodium found in the muscle increased, a  result which implies that 
the rate of sodium extrusion dropped in the presence of higher concentrations 
of this  anticholinesterase.  It should  be noted that  all  the  experiments were 
conducted with 10  ~  ~r prostigmine (the anticholinesterase having no effect on 
sodium extrusion) in the sodium-deficient saline. The prostigmine was added 888  CHOLINESTERASE  AND  SODIUM TRANSPORT 
to make possible the next experiments, which were designed to see whether the 
inhibition of sodium extrusion was related to the inhibition of the intracellular 
cholinesterase. 
To this end, the cholinesterase activity of intact muscles was measured in 
the presence of 10  --3 ~  prostigmine and of graded concentrations of physostig- 
mine. This was done by using ethylchloroacetate as the substrate. The results 
showed that the  10  --3 ~  prostigmine inhibited from 40  to 50 per cent of the 
muscle's cholinesterase; this fraction is the "extracellular" enzyme, already seen 
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Fro. 4. The mean cholinesterase  activity of muscles as a function of the concen- 
tration  of  physostigmine.  In  every  experiment  the  medium  contained  10  -3  ~r 
prostigmine.  The vertical lines on the points indicate the standard errors. 
to be unimportant for sodium extrusion. The residual, or "intracellular," cho- 
linesterase activity was not affected by 10  -e M physostigmine, as is shown in 
Fig. 4. But higher concentrations of physostigmine progressively lowered the 
activity of the cholinesterase; in 10  -8 ~  physostigmine the inhibition of cholin- 
esterase was almost complete. 
A comparison of Figs. 3 and 4 shows that the physostigmine concentrations 
which reduced the activity of the intracellular cholinesterase correspondingly 
decreased the amount of sodium extruded by the muscle fibers. Because it was 
necessary to treat the muscles differently in the two series of measurements, 
the striking inverse resemblance between the  two curves may be fortuitous. 
Nevertheless,  cholinesterase activity may well be  an  important prerequisite 
for the active extrusion of sodium. The alternative is that an enzyme closely WILLIAM  O.  VAN  DER  KLOOT  889 
related  to  chollnesterase--an  enzyme  poisoned  by  the  same  inhibitors--is 
needed for the extrusion of sodium. 
The Effect of Choline  Acetylase on Sodium  Extrusion 
The evidence suggests  that cholinesterase, or its close relative, is involved 
in the sodium extrusion mechanism. But this conclusion does not necessarily 
implicate the remainder of the cholinergic system. Conceivably cholinesteraseis 
needed for sodium extrusion, but acetylcholine and the choline acetylase system 
are not required. For this reason, experiments were performed to test the effect 
TABLE II 
The E.~ect  of  Agents Known to Inhibit  Choline  Acetylase  in Vitro  on Sodium 
Extrusion by Isolated Frog Sarlorii 
The  freshly dissected muscles were soaked for 2 hours in normal Ringer's containing the 
indicated concentration of the inhibitor and were then soaked for ~  hour in sodium-de- 
ficient saline containing the same concentration of the inhibitor. 
Sodium (m.eq./  Potamium 
Inhibitor present  kg. muscle  (m/eq./kg.  No. of  muscle water)  musclea  water) 4- s.m  .4- ag. 
~one 
X  10  -a M phenobarbital 
LO  -'s M  " 
[0  -s M 2-methyl-l,4-naphthaqulnone  8-sulfonic 
acid 
LO  -s M  "  " 
[0  -4  M  "  " 
tO  -I  M  "  " 
tO  4  M  a  ketoglutarate 
[0  "s M  a 
254-1 
244-4- 2 
244-1 
394-  2 
294-2 
25 4-4-2 
23 4-4- 2 
274-+-4 
354-4-6 
774-4-4 
874-4- 5 
874-4- 6 
814-3 
80-4-5 
854-11 
92 4-4-6 
834-11 
754-4-4 
6 
10 
6 
6 
11 
of inhibitors of the choline acetylase system on the process of sodium extrusion. 
Unfortunately these experiments are particularly di~cult  to design, because 
potent and specific inhibitors of choline acetylase are not known. In spite of 
this dit~culty, some of the chemicals which inhibit choline acetylase in vitro 
were tested for effects on sodium extrusion by sartorii soaked in sodium-de- 
ficient saline. 
The effect of three of these agents is summarized in Table II. The first in- 
hibitor tested was 2-methyl-1,4-napthaquinone 8-sulfonic acid (Nachmansohn 
and Weiss,  1948). The results show that high concentrations of this chemical 
inhibited the extrusion of sodium by the muscles. A similar inhibition of sodium 
extrusion  was  obtained by  exposing  the  muscles  to high  concentrations of 
~-ketoglutarate (Nachmansoim and John,  1944). It is important to note that 
these  results  could not  be  obtained by merely adding  the  chemicals  to  the 890  CHOLINESTERASE  AND  SODIUM  TRANSPORT 
sodium-deficient  saline,  as was  the practice with the anticholinesterases;  in- 
stead the muscles were incubated with the supposed inhibitor of choline acety- 
lase for 2 hours in Ringer's before they were further exposed to the inhibitor 
during the 30 minutes in sodium-deficient  saline. However,  muscles exposed 
in the same  manner to a  third inhibitor of choline acetylase,  phenobarbital 
(Marks, 1956), extruded sodium in the normal way. 
The results  then are open to two interpretations: either the napthaquinone 
and the a-ketoglutarate are inhibiting some unknown enzyme system which 
TABLE  III 
The Titer of A cetylcholine-Lihe Material in Sarlorii 
The  titer is expressed  as  the amount  of Acetylcholine chloride required  to  produce  a 
comparable inhibition in the beat of the isolated ventricle of the quahog. 
No. of  Titer of acetylcholine- 
Treatment  measurements  like material 
Soaked for 2~ hrs. in normal Ringer's 
Soaked for 2 hrs. in normal Ringer's, ~  hr. in sodium-de- 
ficient Ringer's 
Soaked for 2 hrs. in normal Ringer's, ~  hr. in sodium-de- 
ficient Ringer's containing 10-  8 ~  physostigmine 
Soaked for 2 hrs. in normal Ringer's containing the in- 
dicated concentration of inhibitor and then soaked 
for ~  hr. in sodium-deficient Ringer's containing the 
same inhibitor concentration: 
5  X  10  -a M phenobarbital 
10  -~ ~x 2-methyl-l,4-naphthaquinone 8-sulfonic acid 
10  -2 ~s a-Ketoglutarate 
I0  -8 xc ,~  " 
~m./~m. 
1.4  4-  0.2 
0.80  4-  0.26 
2.2  4-  0.4 
0.13  4-  0.03 
0.31  4-  0.05 
0.70  4-  0.20 
1.4  4-  0.3 
is needed  for sodium extrusion,  or the phenobarbital failed  to affect choline 
acetylase in dvo. The second alternative could be unambiguously tested by 
assaying choline acetylase activity in an intact muscle which had been exposed 
to phenobarbital. Unfortunately no technique for this measurement has been 
described. I tried to resolve this question by assaying the titer of acetylcholine- 
like materials in muscles exposed to the chemicals used as choline acetylase 
inhibitors. 
Acetylcholine-Like Substances and  Sodium  Extrusion 
The results of a series of bioassays of the acetylcholine-like substances in the 
frog sartorins are summarized  in Table III. Perhaps the most striking fact re- 
vealed by these measurements is in the control series, which showed that mus- 
cles put for 30 minutes in sodium-deficient saline contained only 60 per cent WILLIAM  G.  VAN  DER  KL00T  891 
of the acetylcholine-like material found in the muscles which were kept in nor- 
real Ringer's throughout the experimental period.  Clearly, some of  the ace- 
tylcholine-like material of the muscle is consumed during the period  of active 
sodium extrusion. 
The results also show that by adding 10  -a ~¢ physostigmine to the  muscles 
in the sodium-deficient saline, the titer of the acetylcholine-like material was 
increased above  the level found in  the control muscles. From this it  would 
seem that the acetylcboline-like material is being synthesized in the  isolated 
muscle and that, under normal conditions, the hydrolysis of some of the ace- 
tylcholine-like material is catalyzed by cholinesterase. 
The next measurements were designed to test the effects of the presumed 
choline acetylase inhibitors on the titer of acetylcholine-like material. All the 
inhibitors tested, including phenobarbital, caused a pronounced decrease in the 
titer of acetylcholine-like material in the muscles (see  Table III).  It seems, 
therefore, that each of the inhibitors tested can penetrate into the muscle fibers 
and interfere with the synthesis of the acetylcholine-like material. Since phe- 
nobarbital interfered with acetylcholine synthesis but did not block sodium ex- 
trusion, there is no reason to think that the activity of choline acetylase is es- 
sential for the extrusion of sodium. 
The Effect of Synaptic  Blocking Agents on Sodium  Extrusion 
A  further attempt was made to assess  the role of acetylcholine-like mate- 
rials in sodium extrusion by studying the action of drugs thought to  compete 
with acetylcholine for sites  on the receptor protein at cholinergic synapses. 
The data (which it seems unnecessary to report in detail) showed that the ex- 
trusion of sodium by muscles placed in the sodium-deficient saline was un- 
affected by 10  q  ~  decamethonium bromide, 10  -8 ~  d-tubocurarine, or 10  -8 M 
atropine sulfate. Similarly, 10  -8 M triethyl  choline (triethyl-O-ethanol  ammo- 
nium  hydroxide;  synthesized  by  the  method  of  Channon  and  Smith, 
1936)  failed to  affect sodium extrusion,  even  though  triethyl choline is  an 
antimetabolite of choline (Keston and Wortis, 1946).  It is clear  that the  in- 
hibitors  of cholinergic  transmission which  have  been  tested  have  no effect 
on sodium extrusion. But the discussion will show that the results do not allow 
us to conclude  that  an  acetylcholine receptor  molecule  is  unnecessary for 
sodium extrusion. 
The Effect of Glycolytic  and of Respiratory Inhibitors  on Sodium Extrusion 
So far attention has been directed toward the function of the cholinergic 
system in the process  of sodium extrusion. However, anticholinesterases  are 
not the only chemicals which inhibit sodium transport. It will be recalled that 
Shaw and Simon  (1955)  demonstrated that iodoacetic acid  (IAA), which  is 
primarily an inhibitor of glycolysis, caused a  decrease in the rate of  sodium 892  CHOLINESTERASE  AND  SODIUM  TRANSPORT 
extrusion. And this result was readily confirmed, as is seen in Table IV, though 
it should be noted that the inhibition of sodium extrusion  caused by 10  -8 
IAA was not as strong as that produced by 10  -8  physostigmine (see Table I). 
It was also observed that the sartorii exposed  to IAA went into rigor, which 
suggests that  the high energy phosphate  compounds in  the muscle were de- 
pleted. Consequently the action of IAA  is open to two interpretations: either 
IAA inhibits an enzyme specifically involved in sodium extrusion,  or IAA in- 
hibits the trapping of the energy needed for the extrusion of sodium. 
The  alternatives  just  outlined  were  resolved  by  a  series  of experiments. 
At first sight, it would seem that IAA could not act simply by inhibiting the 
supply of metabolic energy, because as Shaw and Simon showed, sodium ex- 
trusion  was  unaffected by  10  --8 ~  KCN.  Nor was  sodium extrusion  greatly 
TABLE IV 
The Sodium and Potassium Contents. of Musdes Following 30 Minutes at 25°C. in 
Sodium-Deficient Ringer's Which Contained the Metabolic Inhibitor Indicated 
Sodium  (m.eq./kg.  Potusium (m,eq./kg. 
Inhibitor  muscle water) -4- s.E.  muscle water) -4- s.z. 
None 
10  -s ~  IAA 
lO-a u IAA; 1()  -a ~ pyruvate 
10  -3 M  KCN 
10  -a ~  fluoroacetate 
10-s M  IAA; 10-8 M  pyruvate; 10-8 M  KCN 
224-1 
284-  1 
234-2 
254-  1 
254-2 
344- 3 
110 4-  2 
95 4-4 
904-5 
914-4 
934-4 
714-4 
affected by 10  -8 u  fluoroacetate. It seemed that oxidative metabolism could 
be  inhibited  without  affecting sodium  transport,  but  apparently  glycolysis 
could not. Even so, it is conceivable that IAA, by inhibiting glycolysis, also 
stops  the production of pyruvate in  the  cell and  thereby brings  the  Krebs' 
cycle to a stop for lack of substrate. The result would be a complete shutdown 
of energy liberation in the cell. 
To test this hypothesis the muscles were exposed to both IAA and pyruvate 
(Table IV). The result shows that the addition of pyruvate broke the block pro- 
duced by IAA. And, as is also seen in the table, when KCN was added to the 
medium containing pyruvate and IAA the extrusion of sodium was  strongly 
inhibited. 
From  these results,  it seems certain that a  supply of metabolic energy is 
needed for sodium transport. But it is immaterial whether the energy is sup- 
plied by glycolysis (as  was  the case when KCN was  present) or by aerobic 
oxidation (as when IAA and pyruvate were present). 
The  Effect  of Anticholinesterases  on  Metabolism 
Energy derived from metabolism is needed for sodium extrusion. This fact 
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by the anticholinesterases, because it has been suggested that the anticholin- 
esterases inhibit the trapping of metabolic energy within the  cell.  Just  pos- 
sibly the effects of the anticholinesterases were due to their action on energy 
production. This interpretation seemed unlikely, in the case of frog muscle, be- 
cause the sartorii exposed  to the anticholinesterases remained plastic; if the 
high energy phosphate  reserves had been depleted the muscles should have 
gone into rigor. To settle this point definitely, assays were taken of the creatine 
phosphate titer of the muscle. 
The measurements, summarized in Table V, show that the creatine phos- 
phate titer of the muscles soaked in the saline decreased below the level found 
in the control muscles. Presumably, when put in the saline the muscle's me- 
tabolism cannot keep pace with the demand for energy needed for ion trans- 
port and therefore some of the reserves of high energy phosphate are invested 
TABLE  V 
The Percentage of the Total Muscle Phosphate in the Form of Creatine Pkosphate 
Creatine phosphate/ 
Treatments of the muscles  No. of  total phosphate X  100  muscles  -4- S.E. 
10  .52.2  .4-  5.1 
7  30.1  .4-  4.1 
Soaked for 2~ hrs. in Ringer's 
Soaked for 2 hrs. in Ringer's, ~  hr. in sodium-deficient 
saline 
Soaked for 2 hrs. in Ringer's, ~  hr. in sodium-deficient 
saline containing 10  "s M  physostigmine 
49.1  4-  5.6 
to  make  good  the  deficit. But when  10  -a  physostigmine was  added  to  the 
salinc  a  procedure that has been demonstrated to block sodium extrusion-- 
the creatine phosphate stayed at almost the level found in the control muscles. 
In short, there is no indication that 10  -s physostigmine interferes with the en- 
ergy supply of the muscle. But physostigmine does block the fall in creatine 
phosphate which normally accompanies the extrusion of sodium. 
DISCUSSION 
Ckolinesterase and Sodium  Extrusion 
Excitable tissues are believed to have a  mechanism which actively trans- 
ports sodium from the interior of the cell into the extracellular fluid. The out- 
come of this selective extrusion of sodium  is an unequal distribution of ions 
across the cell membrane and the generation of the resting potential. For this 
reason, the discovery that exposure to the anticholinesterase HETP causes an 
eventual decrease in the resting potential, and a concurrent loss of potassium 
and gain of sodium by muscle fibers, at once drew attention to a possible re- 
lation between cholinesterase activity and the active extrusion of sodium. 
To test this idea, the technique of Shaw and Simon was used  to prompt a 894  CHOLINESTERASE  AND  SODIUM  TRANSPORT 
high rate of sodium extrusion by the muscle fibers. The understanding of these 
experiments  can be promoted by calculating the initial intracellular sodium 
concentration in  the fiber  water  (NaI.~.)  by  the  use  of  the  equation  of 
Boyle  et  at.  (1941): 
Na~  --  0.125 Nao 
Nas.~. =  (1) 
1  --  (dry weight/wet  weight A- 0.125) 
in which Na~ is the total sodium measured in the muscle (expressed as milli- 
equivalents  per kilo wet weight)  and Nao is  the concentration of sodium in 
the external medium. By substituting the measured values  in this equation, 
it can be  seen  that  after  2 hours of soaking in Ringer's the sodium  in the 
muscle  fibers  was  about  27  m.eq./kg.  The  muscles  were  then  transferred 
to saline which contained half of the normal external concentration of sodium. 
If the interstitial fluid of the muscle had merely been  replaced  by the saline, 
without any change in the intracellular sodium concentration, the total muscle 
sodium would be  expected  to measure about 33 m.eq./kg. H~O; actually the 
muscles incubated for 1 hour in the saline contained about 19 m.eq./kg. H,O. In 
muscles incubated for the usual one half hour the value was about 22 m.eq./kg. 
H20.  From these figures it appears  that during one half hour in saline the in- 
tracellular sodium concentration actually dropped from about 27 to 15 m.eq./kg. 
While the sodium in muscle fiber is falling from 27  to 15  m.eq./kg., the inter- 
stitial fluid contains about 56 m.eq./kg, of sodium. So it is clear  that sodium 
is leaving the muscle fiber against a concentration gradient. These calculations 
show  that  the  use  of sodium-deficient  saline  furnishes  a  ready method for 
assessing the activity of the sodium extrusion mechanism. 
But chemicals which prevent the fall in sodium in muscles placed in the saline 
could act in either of two ways. The chemical could either inhibit the active 
extrusion  of sodium,  or  could  make the cell membrane more permeable  to 
sodium, so that an increase in the rate of extrusion might be balanced by an 
increased diffusion of sodium into the cell. 
The available data seem to say that physostigmine acts by blocking extrusion 
rather than by increasing diffusion. In the untreated muscles placed in saline 
there was a fall in the store of creatine phosphate, presumably because some of 
the high energy phosphate stores were expended for sodium extrusion.  On the 
other hand, there  was no fall in the creatine  phosphate of muscles placed in 
saline  containing 10  -8 M physostigmine.  Since the energy reserves  remained 
whole in the physosfigmine-treated muscles, it is hard to  believe  that these 
muscles were actively extruding sodium. 
The action of the anticholinesterases  on sodium extrusion  brought out sev- 
eral other interesting points. One of the anti-cholinesterases tested, prostigmine, 
did not affect sodium extrusion.  The difference between prostigmine  and the 
effective drugs, HETP and physostigmine, is already plain: prosfigmine cannot WILLIAM G. VAN  DEE KLOOT  895 
penetrate into the muscle fiber to inhibit the intracellular enzymes. If HETP 
and physostigrnine  do affect sodium transport by poisoning an enzyme, then 
the target enzyme must be inside the cell. 
The anticholinesterases  which penetrate into the muscle fiber block active 
extrusion of sodium. But this does not prove  that cholinesterase is the target 
inside the cell, because there probably is no perfectly specific enzyme inhibitor. 
It  seemed  quite  possible  that  the  anticholinesterases  were  inhibiting some 
enzyme  or  enzymes  other  than  cholinesterase.  This  possibility  seemed 
especially likely because  it required  high concentrations of  the  anticholines- 
terases to block extrusion of sodium; concentrations far in excess of those re- 
quired for the almost complete  inhibition of cholinesterase  in homogenates. 
But it would be a mistake to equate enzyme measurements on homogenates 
and on intact tissues.  The presence  of the  cell membrane  as  a  molecular 
barrier---should  not be  ignored.  This made necessary  measurements of the 
effect of the anficholinesterases  on the activity of the intracellular cholines- 
terase of intact muscles.  The results  show that high concentrations of anti- 
cholinesterases were also needed to inhibit the intracellular enzyme in the in- 
tact muscle. There was, in fact, a  correlation  between the concentrations of 
anticholinesterase  which inhibited sodium transport and those which inhibited 
the intracellular enzyme. It would seem then that in the mechanism for sodium 
extrusion the intracellular cholinesterase is important. This point will be taken 
up again after the activity of the other parts of the cholinergic system in ion 
transport is assessed. 
The Cholinergic System and Sodium  Transport 
If cholinesterase  acts in the sodium  extrusion mechanism,  is  there also  a 
part for the other members of the cholinergic system? At the motor end plate, 
for example, the cholinergic system includes acetylcholine, the choline acetylase 
system for the  synthesis of the  transmitter,  and  an  acetylcholine  receptor 
molecule. A series of experiments  was done to learn whether these other com- 
ponents of the cholinergic system were also involved  in sodium transport. 
First consider  the possibility  that  an acetylcholine  receptor molecule,  lo- 
cated within the muscle fiber, is needed for sodium extrusion. This possibility 
was  tested by incubating muscles with agents which  are known to combine 
with the receptor molecule and by then testing the ability of the treated muscles 
to extrude sodium. The drugs tested were curare, decamethonium, and atropine. 
All failed to affect sodium extrusion. Nevertheless,  this result does not eliminate 
the chance that there is an acetylcholine receptor in the sodium extrusion mech- 
anism,  because  there is no assurance  that the drugs actually penetrated into 
the fibers or, if they did penetrate, that they could  combine  with an intra- 
cellular  receptor.  In these experiments  only a positive  result could be mean- 
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The  evidence  that  an  acetylcholine-like  molecule  participates  in  sodium 
extrusion  is scarcely  more substantial. The data clearly showed  that in the 
muscles which were forced to extrude sodium at a rapid rate, there is a decrease 
in the titer of cholinergic material. This suggests that sodium extrusion is ac- 
companied by the turnover of a molecule resembling acetylcholine. 
The experiments designed to settle this point, by inhibiting choline acetylase, 
were hampered by the weakness End lack of specificity of the known inhibitors. 
The inhibitors tested--napthaquinone, c~-ketoglutarate, and phenobarbital-- 
all significantly lowered the titer of acetylcholine in the treated muscles. Only 
phenobarbital did not block sodium extrusion. Consequently, there is no reason 
to believe that the activity of choline acetylase is needed for sodium extrusion. 
On the other hand, it must be emphasized that all the treated muscles retained 
measurable  titers of acetylcholine-like materials, either  from a store built up 
before  synthesis was  blocked  or  because  the  block  was  incomplete.  The 
results cannot be used to argue  that acetylcholine  is unnecessary for sodium 
extrusion. 
A further attempt to explore this question by the use of choline anti metab- 
olites showed that these  agents also did not influence sodium extrusion.  The 
failure of these agents to act is no more conclusive than the failure of the curare 
type compounds which were discussed above. 
In short, the experiments  designed to clear up the role of members of the 
cholinergic system aside from cholinesterase  do not offer clear-cut  decisions. 
This failure  is owing, in large measure,  to our poverty of techniques  for the 
study of these components. 
Metabolism  and Sodium Extrusion 
The effects of metabolic inhibitors on sodium extrusion can, I  think, be in- 
terpreted in a  straight forward manner. A source of high energy phosphate 
bonds is needed for sodium extrusion.  Seemingly the energy can be supplied 
by glycolysis alone,  as was the case when cytochrome oxidase was inhibited 
by cyanide or when the Krebs' cycle was inhibited by fiuoroa~:etate. Or oxi- 
dative metabolism  can serve by itself, when glycolysis is blocked  with IAA, 
so long as pyruvate is supplied as a substrate for the Krebs' cycle. It does not 
matter where  the energy comes from.  So long as it is provided,  sodium ex- 
trusion will continue. 
It is also noteworthy that, under the conditions of the experiments,  some of 
the energy stored as creatine phosphate was expended  in sodium  extrusion. 
Apparently in the sodium-deficient  saline the  metabolism of the cell cannot 
provide enough energy moment by moment, and the muscle must fall back on 
its metabolic reserves for some of the energy needed. 
The study of the metabolism  of the muscles during sodium extrusion has 
also made clearer the action of anticholinesterases.  It will be remembered  that WILLIAM  G. VAN  DER E~OOT  897 
muscles poisoned with physostigmlne had a  high  titer of creatine phosphate, 
which shows that  the muscle's energy-trapping mechanism was not poisoned 
by physostigmine. 
A  General Mechanism for  Sodium  Transport 
As the Introduction emphasized,  it is now a fairly commonplace observation 
that  sodium transport is disrupted by cholinesterase inhibitors.  In frog skin, 
for example,  ion  transport is irreversibly inhibited by TEPP  and  reversibly 
inhibited by physostigmine (Kirschner,  1953). Similarly,  Koch (1953),  in his 
experiments on crab gills, inhibited ion transport by a  number of anticholin- 
esterases and also reversed the inhibition by TEPP by adding choline.  There 
are two further points in Koch's data which axe valuable to keep in mind when 
considering frog muscle. First, only the cholinesterase on the outside of the gill 
is needed to transport ions to the inside.  In muscle the cholinesterase  on the 
inside of the fiber is needed to transport sodium to the outside. The gill  then 
is just like a frog muscle turned inside  out. And a  second point from Koch's 
study is that carbon dioxide inhibits ion transport in the crab gill. This obser- 
vation may be important for muscle physiologists who bubble 5 per cent carbon 
dioxide through the Ringer's as a routine. 
The transport  of sodium in the squid axon is also decreased by anticholin- 
esterases (Rothenberg,  1950). The concentration  of anticholine.sterase  needed 
to produce this effect is close to the concentration required to totally inhibit 
the cholinesterase  of intact nerves (Feld et al., 1948). 
This  agreement on a  relation  between ion  transport  and  cholinesterase is 
challenged by experiments on the red cell and on chicken brain. Though it is 
known that anticholinesterases affect ion transport by red cells (Holland and 
Grieg,  1950), both Taylor et al.  (1952) and Thompson and Whittaker (1952) 
present evidence showing that anticholinesterase concentrations that can com- 
pletely inhibit cholinesterase  do not inhibit ion transport. However, the meas- 
urements of cholinesterase were made on the extracellular enzyme. So the ev- 
idence showing that cholinesterase  does not play a part in the transport of ions 
by red cells is scarcely overwhelming. 
This  objection to  the method  of inhibiting  and  measuring  cholinesterase 
does not apply to the results of Strickland and  Thompson (1955)  on the loss 
of potassium from chicken brain slices. They showed that the rate of potassium 
exit was sharply increased  by high  concentrations of anticholinesterases,  but 
careful  measurements  suggested  that  lower  inhibitor  concentrations  almost 
completely inhibited the intracellulax  cholinesterase.  Still open is the question: 
is  the loss of potassium at an exceedingly  high  rate  from  the brain  slices a 
measure of the inhibition of the sodium transport mechanism? Or is some more 
drastic change in the properties of the cell membrane produced by the anti- 
cholinesterases? Note in connection with this, that the high  rate of potassium 898  CHOLINESTERASE  AND  SODIUM  TRANSPORT 
loss from the brain slices could be triggered by NU  1250, an analogue of pro- 
stigmine. Prostigmine, as was seen, was without effect on sodium extrusion by 
frog muscle. 
To conclude, the present experiments, added to the data of other investi- 
gators, show that anticholinesterases are inhibitors of sodium transport. Fur- 
ther experiments show that the concentration of anticholinesterase needed to 
block sodium extrusion is close to that needed to inhibit the intracellular cho- 
linesterase in the intact muscle.  This conclusion may be questioned because of 
the technical difficulties in making a correlation between sodium extrusion and 
cholinesterase inhibition. Nevertheless, this question should not obscure  the 
anticholinesterases' potent, and perhaps universal, inhibition of sodium trans- 
port.  Whether the  anticholinesterases act by poisoning cholinesterase or by 
poisoning some closely related enzyme may be  debated.  But  the  action  of 
anticholinesterases, we must keep in mind, is a  clue to  the biochemistry of 
sodium transport. It seems certain that sodium transport requires both a supply 
of metabolic energy and the activity of cholinesterase (or a closely related en- 
zyme). The energy and enzyme must be located on the side of the membrane 
from which the ion is transported. The fitting together of these pieces remains 
for the future. But there is now the fascinating possibility that cholinesterase 
is part of a cellular mechanism for ion regulation which, in the course of evo- 
lution, has been adapted to serve the even more complex needs of excitable 
tissues  and  of synaptic  junctions. 
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